The main objective of this paper is to present the usefulness of the seismic interferometry method to determine the S-wave velocity model of the rock mass affected by exploitation in the KGHM Rudna copper ore mine. The research aim was achieved on the basis of seismic data, acquired from seismograms, of 10 strong seismic events of magnitude greater than 2.6. They were recorded by a pair of seismometers deployed on mining terrain. In the first stage, the Rayleigh wave between seismometers was estimated. Then, the group velocity dispersion curves of fundamental and first higher modes were identified. Finally, inversion of the dispersion curves to a 1D S-wave velocity model up to 500 m in depth was obtained. The velocity model was determined for the part of the rock mass partially affected by mining. The results confirm similar rock mass structure and velocities of the subsurface layers as those obtained by the archival 3D model. In both models, a high degree of correlation in the boundary location between the overburden of the Cenozoic formations and the bedrock of the Triassic formations was observed. The applied methodology can be used to estimate the S-wave velocity model in other mining regions characterized by strong seismicity.
Introduction
Seismic velocity imaging allows the identification of the structure and properties of rock mass changed due to mining activity (Dubiński, Pilecki & Zuberek, 2000; Marcak & Zuberek, 1994; Pilecki, 2008) . The changes in seismic velocity and amplitude can be used to study various processes in a geological media (e.g. Dec & Pietsch, 2012; Harba & Pilecki, 2017) . Knowledge of the seismic velocity in rock mass disturbed by mining provides the possibility of evaluating the development of deformation and stress processes. These processes depend on geological and mining conditions and can lead to various types of surface deformations (Drzęźla, 1978; Popiołek, 2009; Popiołek & Pilecki, 2005) . In areas of disturbed rock mass, significant stress field changes and seismicity can be observed (Dubiński & Konopko, 2000; Dubiński & Stec, 1994; Goszcz, 1989; Głowacka, 1992; Głowacka & Pilecki, 1991; Marcak & Zuberek, 1994; Mutke, Masny, & Prusek, 2016) . Ground vibrations caused by strong mining tremors have a destructive impact on the structures on the terrain surface (Mutke, Chodacki, Muszynski, Kremers, & Fritschen, 2015; Tatara, 2012) . Therefore, information about the development of deformation and stress processes in rock mass is important in terms of the protection of the mining area and the planning of mining works.
Seismic velocity measurements in rock mass disturbed by mining have been performed both by active and passive seismic methods (Dubiński, 1989; Gibowicz & Kijko, 1994; Hosseini, Oraee, Shahriar, & Goshtasbi, 2012 , pp. 2297 -2306 Marcak & Zuberek, 1994; Szreder & Barnas, 2017; Szreder, Pilecki & Kłosiński, 2008) . In the last several years, the role of a new seismic interferometry method in seismic velocity measurements has been dynamically increasing (Galetti & Curtis, 2012) . The cross-correlation technique, which seismic interferometry is based on, allows the estimation of the impulse response between a pair of sensors (Curtis, Gerstoft, Sato, Snieder, & Wapenaar, 2006) . One of the first applications of this method in mining-related issues took place at the Garpenberg mine in Sweden at the level of underground exploitation (Olivier, Brenguier, Campillo, Lynch, & Roux, 2015a; Olivier et al., 2015b) . In these studies direct S-wave and coda wave were retrieved from ambient seismic noise using the cross-correlation technique. Based on these waves, a seismic velocity model of the rock mass as well as small seismic velocity variations during a blast were estimated. Czarny, Marcak, Nakata, Pilecki, and Isakow (2016) also presented the usefulness of seismic interferometry together with ambient seismic noise registered on the surface to monitor seismic velocity changes during mining. Seismic interferometry was also the subject of the LOFRES project (Czarny et al., 2016; Isakow, Pilecki, & Sierodzki, 2014; Krawiec & Czarny, 2017; Marcak, Pilecki & Czarny, 2014; Marcak, Pilecki, Isakow, & Czarny, 2014; .
The paper presents the usefulness of seismic interferometry and mining-induced seismicity to determine a 1D S-wave velocity model in the subsurface part of rock mass. The methodology of 1D model estimation is discussed. The data, consisting of ten strong seismic events, comes from the KGHM ZG Rudna mine ( Fig. 1a and b) . Registrations from two seismometers (TRN2 and GROD) were used in this study. The seismometers belong to the Institute of Geophysics Polish Academy of Sciences network and were deployed on the terrain surface. The calculated S-wave velocity model was compared with archival data, which is the averaged S-wave velocity model estimated with the use of seismic interferometry and ambient seismic noise (Czarny, 2017) (Fig. 1b , the area inside the white dashed line). The correspondence between the location of the geological borders in the two models and the validation of the methodology were discussed.
Geological and mining conditions
Geologically the mining area of the KGHM Rudna mine is located in the Fore-Sudetic monocline. The geological conditions of this region are described extensively in numerous publications (e.g. Piestrzyński, 2007; Slizowski et al., 2013) . Due to the range of the velocity model which is 500 m b.t.s. The detailed description of the geology ends upon contact of the Cenozoic (overburden) deposits with the Triassic (bedrock) formations. The depth map of the Cenozoic floor is presented in Fig. 2a and based on a dataset of 100 wells (available at http://bazagis. pgi.gov.pl). The floor of the Cenozoic formations has an ordinate from approximately 230 to about 250 m above sea level (Fig. 2a) .
In the overburden there are Paleogeneous deposits dated to Eocene and Oligocene, as well as Neogeneic formations dated to Miocene and Pliocene. Eocene formations include quartz and glauconitic sandstone. The thickness of the Eocene deposits is about 20 m. Above, there are Oligocene formations with a thickness of over 20 m, which is formed of quartz-glauconitic sand, quartz sand, micaceous sand, gravel and, less often, silts with an admixture of chad. In the upper part of the Oligocene formations, there is a lignite deposit called Głogów. Above the formations of the Oligocene there are Miocene formations, such as quartz gravels and quartzite gravels with a high admixture of muscovite grains, feldspar sands containing kaolin, green clays, grey clays and ash-grey clays. Miocene formations also include three lignite seams: Ścinawa, Lusatian and Henryk. Above the Miocene formations there are Pliocene formations such as: green-grey and grey-blue Poznań clays with numerous yellow and brown spots. There are also interlayers of quartz and quartz-feldspar sands. The thickness of the clays exceeds 100 m. The Quaternary formations deposited above show high lithological variability. Their thickness reaches several dozen meters. They are represented by: sands and gravels.
The copper ore deposits in the Legnica-Głogów Copper Belt has been exploited since the 1960s. The ore is extracted from a depths of 400 m-1100 m using different modifications of the room and pillar system. Measurements and theoretical calculations show that the speed of subsidence in the mining area of KGHM ZG Rudna does not exceed 1.25 mm annually (Popiołek, Hejmanowski, Krawczyk, & Perski, 2002) . The maximum subsidence value in the Rudna mine is approximately 3.8 m. Subsidence isolines are shown in Fig. 2b . The shape of the isoline coincides with the exploited panels (Fig. 2b, grey fields) . The Rudna mine seismic network registers a lot of strong seismic events every year (Olszewska, Lasocki & Laptokaropoulos, 2017) .
S-wave velocity model estimation

Data and pre-processing
In order to obtain the 1D S-wave velocity model between the TRN2 and GROD seismometers (Fig. 1b) , the seismic interferometry method was used. The distance between the seismometers was about 5.3 km. The source of the seismic waves was seismic events induced by mining activity (Fig. 2b, red dots) . The ten seismic events were recorded between April and October 2016 by the IGF PAN network. All of the events had a magnitude greater than 2.6. Epicentres were chosen because of their locations in relation to the line connecting the seismometers. According to the phase stationarity in seismic interferometry (Snieder, 2004) , the source should be located as close as possible to the extension of the line connecting the stations. The distance between the source and the nearest seismometer is also important. In this study events were about 7 km away from the TRN2 stand to avoid the problem of 'close-field' for the surface waves (Foti, Lai, Rix, & Strobbia, 2014) . Distant sources from pair of receivers also reduce errors in Green's function estimation (Tsai, 2009 ). The seismograms were downloaded from the IS-EPOS platform which is open to the general public (www.tcs.ah-epos.eu). The analysis only includes the vertical component, which is responsible for recording the Rayleigh surface wave. Prior to cross-correlation a few pre-processing steps were performed. Firstly, the linear trend was removed and bandpass filtering in the range from 0.05 to 2 Hz was applied. This frequency range was selected based on multiple tests to emphasize dominant seismic energy. Then, seismograms were normalized. Fig. 3 shows the result of these procedures. In the seismograms, the Rayleigh surface wave is observed on later wave arrivals (Fig. 3 . seismograms inside the red box).
Cross-correlation and dispersion curve estimation
The next step in the seismic interferometry processing flow is crosscorrelation. This procedure changes the seismic event source to virtual sources at the seismometer position. In this study the TRN2 seismometer was chosen as the position of the virtual source which emitted the Rayleigh wave towards the GROD seismometer. Cross-correlations were computed between seismograms from the same events. In Fig. 4 ten cross-correlation functions are presented. The negative time corresponds to the virtual source in TRN2. Amplitudes with relatively large values can be observed from 0 to about −1.5 s. They are likely associated with direct body waves. From about −2.5 s smaller amplitudes of the Rayleigh surface wave appear. The obtained correlograms were stack and subjected to the FTAN (frequency-time analysis) procedure (Dziewonski, Bloch, & Landisman, 1969) to determine the group velocity dispersion curves. Prior to FTAN, the amplitudes for the first 2 s were suppressed using a cosine taper (Fig. 5) . Within this time interval, surface waves were also superimposed by direct waves. Fig. 6 shows the results of FTAN. Based on the 3D S-wave velocity model (Czarny, 2017) the theoretical dispersion curves of the fundamental and first higher modes of the Rayleigh wave (white dashed lines) were calculated. The algorithm was described by Dunkin (1965) and applied by Wathelet (2008) in the Geopsy program (www.geopsy.org). The theoretical dispersion curves fit with empirical curves and were helpful with their identification. Between 0.4 and 0.8 Hz fundamental and first higher modes can be identified (Fig. 6, white points) . The values between the white points have been interpolated by the spline function (Fig. 6 , black line).
Inversion
The inversion of the dispersion curves to the S-wave velocity model was made through the use of the neighbourhood algorithm (Sambridge, 1999) implemented in the Geopsy program by Wathelet (2008) . This algorithm uses Voronoi cells where randomly generated models with different parameters are set. For all the models theoretical dispersion curves are computed and misfits, i.e. root mean square (rms) errors, between theoretical and observed dispersion curves are determined. After each iteration new models are generated on the basis of the previous results. In this study's case the initial model includes information on the depths of the main stratigraphic boundaries. Velocities and densities for overburden and bedrock were linked with lithology. Both the fundamental and 1st higher mode were used in the inversion. After 400 iterations the best fit between the observed and theoretical curves was found with an rms error of 4.5%. Fig. 7 shows the adjustment calculated to observe the dispersion curves. In Fig. 8 the 1D S-wave velocity model after each iteration was presented.
Discussion
The estimated 1D model, in the symmetry axis of the section between the pair of seismometers, allowed the structure and properties of the rock mass to the depth of 500 m to be imaged. In the overburden, velocities in soft layers (clays, sands and gravels) change from about 250 m/s at a depth of approximately 100 m m to about 600 m/s at a depth of 470 m. A distinct increase in S-wave velocity from approximately 600 m/s to approximately 1200 m/s is observed in the bedrock layer at the depth of about 500 m. The depth of recognition was reached due to the inversion of the fundamental and 1st higher mode in dispersive curves. Higher modes of dispersive curves are much more sensitive to deeper layer identification (Foti et al., 2014) .
In Fig. 9 the estimated 1D model between seismometers TRN2 and GROD (red line -model A) is presented together with the S-wave velocity 3D model for the archived data (black dashed line with standard deviation bars -model B). Model A covers a small part of the exploited (Czarny, 2017) ; the white points describe empirical dispersion curves of Rayleigh wave between TRN2 and GROD; the black lines are the interpolation between the white points. R. Czarny et al. Journal of Sustainable Mining 17 (2018) 209-214 area (grey panels, Fig. 2b ), therefore it refers to the fragment of rock mass affected by exploitation. Model B was estimated for almost the entire mining area of the Rudna mine (Fig. 1b , inside the white dashed line) (Czarny, 2017) . Generally, both models overlap each other and they are consistent with geological data. The small differences between S-wave velocity values may be caused by the influence of local structures and the scale of the averaging of the velocity field. The boundary between Cenozoic and Triassic formations in model B is located several dozen meters higher than in model A. This is presumably related to the inclination of geological layers in the north-east direction at an angle of about 8°.
Conclusions
This paper presents the application of the seismic interferometry method to 1D S-wave velocity model estimation with the use of mininginduced seismicity in the mining terrain of the KGHM Rudna copper ore mine. The 1D model was estimated in the axis of symmetry of the section between two seismometers. It allows the structure and properties of rock mass to the depth of approximately 500 m to be imaged. A distinct increase in S-wave velocity is observed in the border between the overburden and the bedrock. The location of this border is consistent with the archival 3D model of S-wave velocity and geological data. The high correlation between the models and the geological data confirms that the applied methodology gave reliable results. It can be used for the preliminary recognition of structures and elastic properties of different geological media in conditions of seismic event occurrence. In particular, this methodology can be applied in the mining terrains of Polish underground hard coal and copper mines with induced seismicity. Future research can focus on the possibilities of subsidence process monitoring in mining terrain.
This methodology is cost effective and it only needs registrations from two seismometers. In comparison to seismic interferometry with seismic noise this approach involves less computational time. However, its main drawback is the fulfilment of the stationary phase, i.e. the seismometer locations depend on the location of the epicentres of seismic events.
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